Introduction
Toxic heavy metal contamination in soils, water and plants is of major importance due to its health effects on humans and other animals (Farmer & Farmer, 2000; Pichtel, Kuroiwa, & Sawyer, 2000) . Cd and Zn are common industrial pollutants. Although some sources of pollution contaminate the environment exclusively with Cd, most cases of Cd polluted soils represent situations of multiple metal pollution. Both Cd and Zn are harmful to plant at relatively low concentrations (Chakravarty & Srivastava, 1992) . The processing and subsequent release of Zn to the environment is normally accompanied by Cd pollution because Zn ores (ZnS) generally contain 0.1%-5% and sometimes with even higher concentrations of Cd (Adriano, 1996) . The association of Cd and Zn in the environment and their chemical similarity can lead to interaction between these two ions (McKenna, Chaney, & Williams, 1993) , resulting in the lowering of Cd toxicity (Wajda, Kutemozinska, & Pilipowiez, 1989) . Since Cd is a nonessential ion, it is toxic at a lower concentration than Zn (Chakravarty & Srivastava, 1994) . Consequently, the uptake and translocation of Zn by plants is higher than that of Cd (Srivastava & Singha, 1989) . They may be both antagonistic and synergistic, and their imbalanced reactions may cause a real chemical stress in plants ( Kabata-Pandias, 2000) .
Natural waters typically contain milligram per liter concentrations of dissolved organic matter (DOM) (Thurman, 1985) . DOM largely controls dissolved metals (i.e., metals passing through 0.45 μm filters) speciation (Florence, 1982) . Numerous studies indicate that a large proportion of the trace metals found dissolved in natural waters are in the organic fraction (i.e., in the form of metal-DOM complexes) (Linnik, 2000) . A major fraction of DOM in natural water (∼60%-70% of total dissolved organic carbon) is composed of humic substances which consist mainly of humic acid and fulvic acid. These are heterogenous, hardly separable, mixtures of polyelectrolytes with varying molecular sizes, substructures and functionalities (Stevenson, 1994) .
The bioavailability and toxicity of some metals in natural surface waters are reduced by complexation with dissolved organic matter as Tubbing et al. (1994) have shown for Cu. Freshwater humic acid was reported to reduce the sensitivity of Chlamydomonas reinhardtii to Cu (Garvey, Owen, & Winner, 1991) . Koukal, Guegen, Pardos, and Domonik (2003) studied the influence of humic substances on the toxic effects of Cd and Zn to the green alga (Pseudokirchnerriella subcapitata). They found that humic acids markedly decreased Cd and Zn bioavailability and toxicity to P. subcapitata. In contrast, fulvic acid did not show any apparent effect. They also suggested that humic acids would have preponderant role in regulation of Zn and Cd bioavailability and toxicity in natural aquatic environments.
Aquatic plants are particularly important organisms for heavy metal uptake studies, since the analysis of plants can give an indication of the water environment to which they have been exposed. Ceratophyllum demersum, a free floating rootless macrophyte, has been demonstrated as a Cd 2+ hyperaccumulator species under field conditions (Rai, Sinha, Tripathy, & Chandra, 1995) and it is reported to be a powerful scavenger of Cd at low concentrations (Ornes & Sajwan, 1993) . The objective of this work was to study the effect of Cd and Zn interaction on heavy metals accumulation in C. demersum. In addition, since there was also very limited information on the interactive effects of humic acid and heavy metals (Cd and Zn) on aquatic plants, another objective of this study was to determine the interactive effects of combined Cd and Zn and humic acid on metals accumulation in C. demersum.
Materials and Methods

Interaction of zinc and cadmium on metal accumulation
Ceratophyllum demersum plants were collected from Lake Warner, MA, USA. Plants were acclimatized in 30% Hoagland's nutrient solution at pH 5. were added to the nutrient solution on the day of plant transfer. Two Cd levels (0.05, 0.25 mg l −1 ) and three Zn levels (0.5, 1.0, 5.0 mg l −1 ) were arranged in two experiments. Experiment 1.1 (with five treatments) was intended to evaluate the effects of increasing metal levels on metal accumulation when plants were separately exposed to Cd and Zn (Table I ). Experiment 1.2 (with three treatments) investigated the effects of Cd-Zn interactions on metal accumulation (Table I ). The untreated group was served as a control. There were three replicates per each treatment. The plants were kept under controlled conditions. After 15 days, whole plant samples from each treatment were separately harvested, rinsed with deionized water and oven dried at 105°C overnight. Then, 0.03 g of these dry plant materials were analyzed for metal contents by acid-digestion method. Toxicity symptoms were observed for each treatment.
All equipments used in this study were immersed with 10% nitric acid and rinsed with distilled water to remove adhering metal ions.
Influence of humic acid on metal accumulation
For the study of the influence of humic acid (HA) on the heavy metals accumulation, HA isolated from a peat (Michigan, USA) was used in this study by the methods described by Velthorst, Nakken-Brameijer, and Mulder (1999) . Chemical properties of humic acid are listed in Table II . Elemental analysis (C, H, N, O) was performed on a Perkin Elmer 2000 instrument and the results were presented on a dry and ash free basis. Total acidity and functional group analysis were established by standard titration methods as described by Stevenson (1994) . Humic acid stock solution was daily prepared at 1,000 mg l −1 with deionized water, with addition of 1 M NaOH. It was diluted to a final humic acid concentration of 2 mg HA l −1 with a Hoagland's nutrient solution. Plant materials, C. demersum, approximately 10 g fresh weight, were transferred to a 700-ml plastic container with 600 ml of 30% Hoagland's nutrient solution and the required concentrations of metals and humic acid. Two Cd levels (0.25, 0.5 mg l −1 ), two Zn levels (1.0, 5.0 mg l −1 ) and one level of HA (2 mg l −1
) were arranged in three experiments. Experiment 2.1 (with four treatments) was intended to evaluate the effects of HA on Cd accumulation at various concentrations of Cd (Table III) . Experiment 2.2 (with four treatments) was to investigate the effects of HA on Zn accumulation at various concentrations of Zn (Table III) . Experiment 2.3 (with four treatments) was designed to evaluate the effects of HA on Cd and Zn accumulation at various mixed concentrations of Cd and Zn (Table III) . The untreated groups were (1) plants that were not exposed to metals and HA; and (2) plants that were exposed to 2 mg l −1 HA. There were six replicates per treatment. Plants were kept under controlled conditions. After 15 days, plant samples were separately harvested, oven dried at 105°C overnight, and 0.03 g dry plant materials were analyzed for metal contents by acid-digestion method. Toxicity symptoms were observed for each treatment.
Uptake rate study
For the metal uptake rate in C. demersum, plant samples (approximately 30 g fresh weight) were separately cultured in 0.5 mg l −1 of Zn and 0.25 mg l −1 of Cd for 15 days. Every 3 days, approximately 3 g fresh weight of plant samples were taken from the treated plants and rinsed with deionized water. Treated plants were acid-digested for metal determination. The influence of humic acid on metal uptake rate was also studied. C. demersum was treated with Cd (0.25 mg l −1 ), Zn (0.5 mg l −1 ) and humic acid (2 mg l −1 ) for 21 days. Every 3 days, approximately 0.3 g fresh weight of the control (heavy metals and humic acid free) and treated plants were collected and analyzed for metal contents by acidsss-digestion method. In addition, during the first three days treated plants were harvested four times a day. The harvested periods of the first 3 days are as follows: 8.00 A.M., 12.00 P.M., 4.00 P.M. and 8.00 P.M.. The pHs of nutrient solutions were measured at time zero (pH 5.5) and every 3 days during the experiment.
Determination of metal content
Dried plant materials (from Sections 2.1. and 2.2.) and fresh plant samples (from Section 2.3.) were acid digested with 3:1 ml HNO 3 /H 2 O 2 by microwave digestion system from CEM-MDS-2100. The digested solution was adjusted to 25 ml by a volumetric flask and analyzed for Cd and Zn content. Zn was determined by flame atomic absorption spectrophotometry (FAAS). A Perkin-Elmer Model 1100B double beam atomic absorption spectrophotometer with a deuterium background correction (Perkin-Elmer Corp., Norwalk, CT, USA) was used. The Zn hollow cathode lamp current was 5 mA and the monochromator was set at wavelength of 213.9 nm. For Cd analysis, the Cd hollow cathode lamp current was 3 mA. The monochromator was set at wavelength of 228.8 nm with 0.7 nm spectral bandpass. Cd concentrations above 0.1 mg l −1 were also analyzed by FAAS and below that level by AAS equipped with graphite furnace. A Perkin-Elmer Model 4100ZL Zeeman corrected electrothermal atomic absorption spectrophotometer (ETAAS) interfaced with a digital 316 × work station, and controlled using Perkin-Elmer Gem software (version 7.2.1) was used. The method of standard addition was used to correct the matrix interferences.
Statistical analysis
Statistical analyses were carried out using SPSS for Windows program. The mean values of metal accumulation were calculated and subjected to analysis of variance (ANOVA) using two-way ANOVA and Least Significant Difference (LSD) methods after analysis as the homogeneity of variance. (Table IV) . 
Results
Interaction of zinc and cadmium on metal accumulation
Influence of humic acid on metal accumulation
Metal uptake rate
The uptake rate of Zn and Cd in C. demersum at different durations is shown in Figure 1 . Zn content in plant tissues increased with increasing exposure time. At 0.5 mg l −1 of Zn, no toxicity symptoms were observed. Zn accumulation did not differ significantly until day 12. The highest Zn content was found on day 15 and was significantly greater (P<0.05) from that of the untreated plants ( Figure 1a ). In Cd treatments (0.25 mg l −1 of Cd), Cd uptake by plants at day 3 was significantly different (P<0.05) from that of day 0. There was no significant difference in Cd accumulation from day 3 to day 12. The highest Cd content was found on day 15 (Figure 1b) . At this level, Cd did not cause any adverse effects on C. demersum. Figure 2 shows the influence of HA on metal uptake rate. Cd content in C. demersum sharply increased after plants were placed into 0.25 mg l −1 of Cd, whereas a more gradual increase was found in the treatment of Cd with 2 mg l −1 HA until day 4. At day 9, the Cd uptake in both treatments (with and without HA) reached the maximum capacity. The Cd content in plants from the Cd alone treatment was significantly higher (P<0.05) than that where treatment was combined with HA. In every treatment, there was an increase of pH of the nutrient solution throughout the experiment. The pH of nutrient solution containing HA (pH 7.4) was higher than that of treatment without HA (pH 6.8).
Zn contents in C. demersum from the uptake rate study are shown in Figure 3 . During the first three days, there was no significant difference in Zn accumulation between the treated and untreated plants. In plants supplied with 0.5 mg l −1 of Zn the highest Zn content was found on day 15. After that period, the Zn content in all treatments decreased. There was no significant difference in Zn accumulation between plants with and without 2 mg l −1 HA. A reduced uptake of Zn was found in HA-added treatments on day 1. However, from day 2 onwards, the Zn contents in the plants in both treatments increased. The pH in every treatment increased gradually throughout the experiment (from 5.5 to 7.5).
Discussion
From our results, Zn at 5 mg l −1 was found very toxic to C. demersum, owing to the dual role of Zn as an essential microelement on the one hand and as toxic environmental pollutant on the other (Chakravarty & Figure 4 Effects of metals and humic acid on pH of treated solution at different time interval; Cd (a) and Zn (b). The initial pH of the growth medium was 5.5. Srivastava, 1997) . The results indicate that the interactions between Zn and Cd on the accumulation of both metals in C. demersum were complex and dependent on the concentrations of those metals in growth medium. Turner (1973) (Hart, Welch, Noevell, & Kochain, 2002) . Lagerwerff and Biersdorf (1972) detected a decrease of Cd concentrations in radish leaves with Zn addition in plants grown at lower Cd concentrations but not at high Cd. Some other published data (Cataldo & Wildung, 1978; John, 1976) indicated that the effects of Zn on plant Cd uptake (similar to that of Cd on Zn uptake) also might depend on plant species, plant tissue, and external Cd and Zn concentration levels. Furthermore, Nan, Li, Zhang, and Cheng (2002) analyzed the Cd-Zn interaction mechanism in soil-crop system under actual field conditions. They concluded that the effects of the two metals were synergistic to each other, in which increasing Cd and Zn content in soils could increase the accumulation of Zn or Cd in the crops. It was shown in the present study that C. demersum could accumulate high content of metals (Cd and Zn) when exposed to low concentrations (0.25 mg l −1 Cd; 1.0 mg l −1 Zn). The addition of HA resulted in a decrease of metal uptake capacity. Several studies reported on the decreases in metal uptake and toxicity caused by the addition of humic acid. Koukal et al. (2003) reported that the toxicity of Cd and Zn to green alga P. subcapitata, was significantly reduced in the presence of HA. Gardner and Al-Hamdani (1997) found that humic substances decreased toxicity of Al to Salvania minima. In addition, the administration of a high concentration of HA (160 mg l −1 ) decreased Pb uptake by Lemna minor and brought about increases in total chlorophyll content, growth rate and multiplication rate compared with L. Figure 1minor treated with Pb nitrate alone (Kruatrachue et al., 2002) . Hence, humic acid could reduce metal uptake and toxicity. In general, the speciation of metals in natural water is a key determinant of their transport, retention and bioavailability. Humic substances are recognized to play a major role in metal speciation (Tipping, 2002) . Gueguen et al. (2003) have used MINTEQA2 to calculate the model of Cd and Zn chemical speciation in Algal Assay Procedure (AAP) medium. They found that Cd and Zn free ion concentration decreased markedly in the presence of humic substances and they also reported that humic substances were much more important ligand for Cd and Zn than alga. As we have seen from the experiments that the toxicity and metal uptake capacity of treated C. demersum was reduced in the presence of HA. This may be resulted from the reduction of free metal ions available for the plants.
The binding of metal cations is strongly affected by pH, firstly due to the competition between protons and metal cations for humic binding sites, and secondly because of cation hydrolysis (Tipping, 2002) . The complex reaction of HA and heavy metal ions may be caused by the dissociation of protons from the carboxyl group of HA which starts at pH 6. This association increases with increasing pH (Allard & Arsenie, 1991) . In this study, the pH of the culture medium with HA, Cd and Zn, was higher than that of the medium without HA. Presumably there was a dissociation of a proton from the carboxyl group in the HA which then formed complexes with metal ions. Ghosh and Banerjee (1997) studied the complexation of trace metals with HA. They reported that log K was found to increase with the rise in pH of the medium. Increase in pH enhances the ionization of acidic functional groups and so the availability of active sites. A subsequent drive for the charge neutralization at the active sites with the metal binding promotes the complexation. The impact of pH on metal speciation was evaluated by Gueguen et al. (2003) . They concluded that free metal ion was dominant from pH<7 for Cd and Zn. The calculation shows the tendency of CO 3 2− to the form complex in solution with metal in the natural pH range (7<pH<9). Thus, the change of pH in the range from 6 to 9 may strongly influence metal complexation.
The most abundant cation-binding groups in humic substances are carboxylate (-COOH − ), followed by phenolic -OH. Less abundant are N-containing groups and the group containing sulphur, which vary strongly and favor soft metal cations such as Cd 2+ . This trend has implications for the binding site strength and the competition among metals. For example, Ca 2+ , which is abundant in natural waters, may compete effectively with Cd 2+ at carboxylate sites, but hardly at all sites with S as the donor atom (Tipping, 2002) . From the study of Koukal et al. (2003) , HA isolated from peat had a higher affinity for Cd than soil HA, whereas, Zn showed no preferences to any of the HA. The chemical properties of peat HA also show higher S content than that of soil HA. This reason may explain more stability of HA with Cd over Zn in this study.
Conclusions
Cd has a negative effect on Zn accumulation in C. demersum whereas low level of Zn has a positive effect on Cd uptake in experimental plants. Interaction between Cd and Zn are complex and dependent on the concentration of those metals in growth medium. HA clearly decreased Cd and Zn bioavailability and toxicity in treated plants due to the formation of complexes of HA with metal ions. However, the actual metal-humic acid interactions in soil and aquatic ecosystems may involve several simultaneous competing reactions. In addition, the results implied that HA has an important role in regulating Zn and Cd bioavailability and toxicity in natural aquatic environments.
